ABSTRACT The importin-β family members (karyopherins) mediate the majority of nucleocytoplasmic transport. Msn5 and Los1, members of the importin-β family, function in tRNA nuclear export. tRNAs move bidirectionally between the nucleus and the cytoplasm. Nuclear tRNA accumulation occurs upon amino acid (aa) or glucose deprivation. To understand the mechanisms regulating tRNA subcellular trafficking, we investigated whether Msn5 and Los1 are regulated in response to nutrient availability. We provide evidence that tRNA subcellular trafficking is regulated by distinct aa-sensitive and glucose-sensitive mechanisms. Subcellular distributions of Msn5 and Los1 are altered upon glucose deprivation but not aa deprivation. Redistribution of tRNA exportins from the nucleus to the cytoplasm likely provides one mechanism for tRNA nuclear distribution upon glucose deprivation. We extended our studies to other members of the importin-β family and found that all tested karyopherins invert their subcellular distributions upon glucose deprivation but not aa deprivation. Glucose availability regulates the subcellular distributions of karyopherins likely due to alteration of the RanGTP gradient since glucose deprivation causes redistribution of Ran. Thus nuclear-cytoplasmic distribution of macromolecules is likely generally altered upon glucose deprivation due to collapse of the RanGTP gradient and redistribution of karyopherins between the nucleus and the cytoplasm.
INTRODUCTION
In eukaryotes, macromolecules must be transported selectively and efficiently between the cytoplasm and the nucleus. Coordination of nucleocytoplasmic transport is essential for diverse cellular processes, such as basal replication, transcription, and translation, as well as for regulation of the cell cycle, transcriptional activation and repression, and other cellular processes (Macara, 2001) . To ensure proper subcellular distribution of macromolecules, their transport into and out of the nucleus is tightly controlled. Proteins of the importin-β (also known as karyopherin-β) family mediate the majority of macromolecular nucleocytoplasmic transport. Members of this family shuttle between the nucleus and the cytoplasm through nuclear pores. Cells encode numerous importin-β family members; exportins are the family members dedicated to the nuclear export process, whereas importins transport cargo from the cytoplasm to the nucleus. The different family members vary greatly in their substrate specificities.
Nucleocytoplasmic transport is controlled by small GTPase Ran, which binds to the karyopherins to regulate association or dissociation of the transport complexes (Nachury and Weis, 1999; Strom and Weis, 2001; Fried and Kutay, 2003; Madrid and Weis, 2006) . Ran exists primarily in a GTP-bound form in the nucleus and in a GDP-bound form in the cytoplasm. This asymmetric distribution results from the distinct subcellular localizations of the Ran cycle regulators, the nuclear guanine nucleotide exchange factor (RanGEF, RCC1 in vertebrates, Prp20 in yeast) and the cytoplasmic GTPaseactivating protein (RanGAP in vertebrates, Rna1 in yeast; Ohtsubo which tRNA subcellular distribution could be regulated, including nutrient-regulated tethering of tRNAs and regulation of karyopherins in response to nutrient conditions. Previous studies showed that the subcellular distributions of the nuclear-cytoplasmic shuttling proteins, Los1 and Msn5, are affected by carbon source and other stress conditions (Ghavidel et al., 2007; Karkusiewicz et al., 2011; Pierce et al., 2013) . In cells grown with a fermentable sugar as the carbon source, Los1 is located primarily in the nucleus. In contrast, in cells grown in a nonfermentable carbon source, under glucose deprivation, or when the cells are exposed to DNA damaging agents, Los1 is primarily cytoplasmic, separated from the tRNAs awaiting nuclear export (Ghavidel et al., 2007; Karkusiewicz et al., 2011; Pierce et al., 2014) . The subcellular distribution of Msn5 is also affected by stress. Msn5 is concentrated in nuclei of unstressed cells, but it is located in the cytoplasm upon exposure to ethanol, heat, starvation, or severe oxidative stress (Pierce et al., 2014; Quan et al., 2006 Quan et al., , 2007 .
To test the hypothesis that tRNA exportins are affected by nutrient status to regulate tRNA subcellular dynamics, we investigated the regulation of endogenous levels of Los1 and Msn5 under nutrient deprivation conditions known to affect tRNA subcellular distribution. By employing yeast, S. cerevisiae, as a model organism, we investigate the possible mechanisms regulating nucleocytoplasmic transport in response to nutrient availability.
RESULTS

tRNA reexport is regulated by nutrient availability
The subcellular distribution of tRNAs between the nucleus and the cytoplasm is a result of the balance among the rates of primary export, nuclear import, and reexport. Because retrograde tRNA nuclear import is constitutive (Murthi et al., 2010) , we previously proposed that the tRNA reexport step is regulated by nutrient availability. To investigate this proposal, we performed Northern analyses to examine tRNA species in cells that are fed or deprived of aa or glucose. Because the yeast splicing machinery is located on the cytoplasmic surface of mitochondria (Yoshihisa et al., 2003 (Yoshihisa et al., , 2007 , defects in primary nuclear export result in the accumulation of end-processed, intron-containing pre-tRNAs. Thus, if the response to nutrient availability modulates the primary tRNA nuclear export step, end-processed, intron-containing pretRNAs should accumulate upon nutrient deprivation, whereas if there are defects in the reexport step, spliced tRNAs should accumulate. RNAs were isolated from fed and nutrient-deprived cells. Under nutrient-replete conditions, cells deleted for LOS1 accumulated elevated levels of unspliced tRNA, whereas wildtype (wt) cells and cells deleted for MSN5 did not (Figure 1 , ratio I/P), consistent with previous studies that primary tRNA nuclear export is defective in los1Δ cells. Northern analysis of tRNA in wt cells deprived of aa or glucose for 30 min or 2 h showed that the levels of primary and end-processed, intron-containing pretRNAs decreased compared with fed conditions (Figure 1 , ratio (P + I)/M); this decrease likely results from decreased transcription (Upadhya et al., 2002; Ciesla et al., 2007) . Unlike los1Δ cells, which are defective in primary tRNA export, the ratio of end-processed, intron-containing pre-tRNAs to primary transcript did not increase when wt or msn5Δ cells were deprived of nutrients (Figure 1 , ratio I/P). Although wt cells deprived of aa or glucose rapidly accumulate tRNA in the nucleus (Whitney et al., 2007) , we did not observe defects in primary tRNA nuclear export under these conditions. The data provide further support for the proposal that tRNA nuclear reexport, rather than primary export, is regulated by nutrient availability. et al., 1989; Hopper et al., 1990; Bischoff and Ponstingl, 1991; Bischoff et al., 1994) . Exportins bind cargo, directly or indirectly, and RanGTP in the nucleus and then move to the cytoplasm. RanGAP stimulates GTP hydrolysis of RanGTP to dissociate the export complexes and thereby release cargo in the cytoplasm. In contrast, importins bind cargo, directly or via an adaptor, in the cytoplasm. The importin-cargo complex moves to the nucleus, where it encounters RanGTP, leading to release of the cargo in the nucleus. Then exportins/importins are recycled for the next round of transport (for review see Chook and Suel, 2011) .
Transport through nuclear pores is intimately linked to cell physiology. Changes in the cellular environment, by externally applied stress, aging, or disease, alter nucleocytoplasmic traffic (for review see Kodiha et al., 2010) . tRNA subcellular movement is one of the examples that exhibits altered subcellular distribution upon nutrient deprivation. It was believed that pre-tRNAs transcribed in the nucleus are only exported from the nucleus to the cytoplasm, where the translation machinery is located. However, it is now known that tRNAs also move constitutively from the cytoplasm to the nucleus via retrograde nuclear import and can again access the cytoplasm via tRNA reexport (Shaheen and Hopper, 2005; Takano et al., 2005; Whitney et al., 2007) . The tRNA retrograde pathway is regulated in response to loss of nutrients, as cells exhibit an even distribution of tRNA throughout the nucleus and the cytoplasm under nutrient-replete conditions, whereas tRNA nuclear accumulation occurs upon amino acid (aa), glucose, or P i deprivation (Grosshans et al., 2000; Shaheen and Hopper, 2005; Hurto et al., 2007; Whitney et al., 2007) .
Movement of tRNAs between the nucleus and the cytoplasm proceeds via association of importin-β family members. In vertebrates, importin-β family member exportin-t functions in tRNA nuclear export (Arts et al., 1998; Kutay et al., 1998) . Exportin-t preferentially binds to the appropriately structured tRNA backbone with mature tRNA 5′ and 3′ ends, but it has no preference for intron-containing or intron-less tRNAs (Arts et al., 1998; Lund and Dahlberg, 1998; Lipowsky et al., 1999; Cook et al., 2009) . The Saccharomyces cerevisiae exportin-t homologue is Los1 (Hopper et al., 1980; Hellmuth et al., 1998; Sarkar and Hopper, 1998) . End-processed, intron-containing pre-tRNAs accumulate in los1Δ cells due to defects in primary nuclear export of pretRNAs to the cytoplasm, where the splicing machinery resides (Sarkar and Hopper, 1998; Yoshihisa et al., 2003 Yoshihisa et al., , 2007 Murthi et al., 2010) .
The vertebrate importin-β family member exportin-5 (Exp-5) has also been implicated in the nuclear export of tRNA; however, it is believed to play only a minor role in tRNA nuclear export, and instead it primarily functions in the nuclear export of microRNAs (Bohnsack et al., 2002; Calado et al., 2002; Lund et al., 2004; Shibata et al., 2006; Mingot et al., 2013;  for review see Leisegang et al., 2012) . The yeast homologue Msn5 is well known to export particular phosphorylated transcription factors to the cytoplasm (for review see Hopper, 1999) . Msn5 is likely also involved in tRNA nuclear export (Takano et al., 2005; Shibata et al., 2006; Murthi et al., 2010) . However, in contrast to los1Δ cells, deletion of MSN5 does not result in the accumulation of end-processed, intron-containing pretRNAs (Murthi et al., 2010) . Thus the current working model is that Msn5 participates in tRNA nuclear reexport but not primary tRNA nuclear export for tRNAs that are encoded by intron-containing genes, whereas Los1 likely functions in both primary nuclear export and the reexport step for this class of tRNAs (Murthi et al., 2010) .
The mechanisms regulating tRNA nuclear-cytoplasmic distribution remain unclear. There are multiple possible mechanisms by Because tRNA nuclear accumulation occurs within 10 min of aa removal (Whitney et al., 2007) and at this time point the expression levels of both Msn5 and Los1 are unchanged, we investigated whether these proteins are posttranslationally modified in response to nutrient status. To identify modifications, we purified the tagged versions of Msn5 and Los1 from cells grown under fed or 1-h aa-deprived conditions and then analyzed the resulting protein modifications by mass spectrometry. None of the peptides had detectable levels of phosphate or ubiquitin modifications (~70% coverage for Msn5 and ~60% coverage for Los1). Although acetylated or methylated peptides were found, the relative levels of these peptides from fed and aa-starved conditions were unaltered for Msn5 and Los1 (Supplemental Table S1 ). Consistently, there are no identified modifications of Msn5 and Los1 in the Phosida database (www.phosida.com/), which integrates thousands of high-confidence in vivo phosphosites identified by mass spectrometry-based proteomics in various species.
Because neither steady-state protein levels nor assessable protein modifications of Los1 or Msn5 appears to regulate tRNA nuclear accumulation upon acute aa deprivation, we determined whether nutrient availability influences the steady-state subcellular distributions of Msn5 and Los1. To address this possibility, we used confocal imaging of live cells harboring endogenous Msn5-GFP and Los1-GFP and the exogenously expressed nuclear pore protein Nup49-mCherry to demarcate the nuclear boundary. Msn5-GFP was predominantly nuclear under fed conditions. When wt cells were deprived of aa for 0-2 h, Msn5-GFP maintained its predominately nuclear location ( Figure 2C , compare 1-3). To obtain a graphic display of the subcellular distribution of Msn5 in the different conditions, we generated intensity plot profiles of single confocal sections of individual cells ( Figure 2D ). We also measured the cellular fluorescence intensity in the cytoplasm and nucleus using a sum intensity projection. Because Msn5-GFP is not in the vacuole ( Figure 2D , white arrow), the intensity analyses avoid the area of vacuole (Figure 2 , C, white arrow, and D). Figure 2C depicts the images of single confocal sections upon nutrient deprivation for 15 or 60 min, whereas Figure 2G provides the cytoplasmic/ nuclear ratios of fluorescence intensity for all examined time points. As supported by the intensity plot profiles and relative ratios (Figure 2 , D and G), the subcellular distribution of Msn5 is insensitive to aa availability.
The subcellular distribution of Los1 was also insensitive to aa availability, as Los1-GFP localized to the nuclear periphery and the nucleoplasm under fed conditions and throughout the time course, from 0 to 2 h, of aa deprivation (Figure 2 , E-G). Thus the subcellular distributions of Msn5 and Los1 are unaltered upon acute aa deprivation.
Taken together, the results indicate that alterations of steadystate protein levels, assessable protein modifications, and subcellular distributions of Los1 or Msn5 do not account for tRNA nuclear accumulation upon acute aa deprivation. In the following, we discuss other possible mechanisms.
Subcellular distributions of Msn5 and Los1 are not altered upon aa deprivation
The mechanisms regulating tRNA reexport in response to nutrient availability remain unclear (for review see Hopper, 2013) . We investigated one possible mechanism by which the tRNA exportins are affected by nutrient status. We examined steady-state protein levels, posttranslational modifications, and subcellular distributions of Los1 and Msn5 under nutrient-replete and depletion conditions. Endogenously tagged Msn5 and Los1 were generated by Msn5-green fluorescent protein (GFP) and Los1-GFP gene replacements (Huh et al., 2003) . To test whether GFP-tagged tRNA exportins are functional, we performed fluorescence in situ hybridization (FISH). The studies reveal that cells with Msn5-GFP or Los1-GFP gene replacements evidence a distribution of tRNAs between the nucleus and the cytoplasm that is indistinguishable from the distribution in wt cells and unlike cells that possess mutations of either LOS1 or MSN5 (Supplemental Figure S1 ). Thus GFP-tagged versions of these proteins maintain their functions in tRNA nuclear export.
We determined the steady-state expression levels of the functional tagged tRNA exportins in nutrient-replete and depletion conditions by Western blotting, as normalized to the control protein, Rna1. Cultures were deprived of all aa for various times (15, 30, 60, or 120 min) . Comparing the normalized protein levels from cells that were aa deprived to the levels under fed conditions (i.e., Msn5/Rna1 under experimental conditions to Msn5/Rna1 under fed conditions), we found that Msn5-GFP levels were unaltered throughout the time course (Figure 2 , A, top, lanes 1-5, and B). In contrast, Los1-GFP levels decreased after 1 h of aa deprivation, reaching ∼46% of fed levels by 2 h of aa deprivation (Figure 2 , A, bottom, lanes 1-5, and B). Thus aa deprivation does not markedly affect Msn5-GFP steadystate levels but does affect Los1-GFP levels after extended periods of aa deprivation.
FIGURE 1:
The tRNA nuclear reexport step is likely regulated in response to nutrient availability. Northern analysis of pre-tRNA
Ile and mature tRNA Ile in wt and mutant cells under fed and nutrient-deprived conditions. I, end-processed, intron-containing pre-tRNA; M, mature tRNA; P, primary tRNA transcript. Ratio I/P, end-processed, intron-containing pre-tRNA to primary transcript. Ratio (P + I)/M, both precursor tRNAs to mature tRNA. 5S rRNA serves as loading control. Altered subcellular distribution of tRNA exportins upon glucose deprivation is rapid and reversible Nuclear accumulation of tRNA in response to acute glucose starvation is rapid and reversible (Whitney et al., 2007) . One way this could occur is via the redistribution of the steady-state pools of tRNA exportins, Los1 and Msn5, from the nucleus to the cytoplasm upon removal of glucose. If tRNA nuclear accumulation is, in fact, due to the altered subcellular distribution of the exportins, then one would expect that the subcellular dynamics of the exportins should be fast, preceding tRNA distribution changes, and reversible. To test this prediction, we conducted live-cell imaging using microfluidics. Microfluidics permitted appropriate aeration and immediate media exchange, thus allowing the tracking living cells in various growth conditions. We first located Msn5-GFP under fed conditions and then followed the response of Msn5-GFP upon glucose deprivation. Under fed conditions, the steady-state distribution of Msn5-GFP was predominantly nuclear, as expected ( Figure 3A) . The steady-state distribution of Msn5-GFP became more cytoplasmic after 5 min of glucose removal ( Figure 3A) . To test reversibility, we reintroduced glucose to cells that had been deprived of glucose for 10 min. Within 10 min of refeeding, the majority of the Msn5 pool was again nuclear ( Figure 3A) . Quantification of subcellular dynamics of Msn5-GFP supported that the cytoplasmic pools of Msn5-GFP increased within 10 min of glucose removal and then the cytoplasmic/nuclear ratios decreased after refeeding ( Figure 3C ). Similarly, part of the Los1-GFP pool moved from the nuclear periphery to the cytoplasm after 5 min of glucose removal (Figure 3 , B and C). The subcellular dynamics of Los1-GFP was also reversible, even though the redistribution of Los1-GFP was more subtle than that of Msn5-GFP (Figure 3 , B and C). Thus redistribution of tRNA exportins in response to acute glucose starvation is rapid and reversible, and their subcellular dynamics is consistent with tRNA nuclear accumulation. Because yeast produces ∼3 million tRNAs/generation (Waldron and Lacroute, 1975) , and Los1-mediated tRNA nuclear export is limiting (Ghavidel et al., 2007) , redistribution of Los1 and Msn5 likely accounts for altered tRNA location upon glucose deprivation.
Steady-state subcellular distributions of other importin-β family members are altered upon glucose deprivation
To learn whether redistribution of Los1 and Msn5 upon glucose deprivation is a general phenomenon that also occurs for other members of the importin-β family, we expanded the analyses to study the subcellular distributions of other importin-β family members upon nutrient deprivation. We studied one additional exportin, Crm1, and two importins, Mtr10 and Kap95.
To investigate whether these family members were modulated by nutrient availability, we employed endogenously GFP-tagged constructs generated by gene replacement (Huh et al., 2003) . Because CRM1 and KAP95 are essential genes, the fact that the yeast strains with endogenously tagged Crm1-GFP and Kap95-GFP are viable and grow similarly to wt cells provides evidence that these tagged versions are active. MTR10 is not essential, but mtr10Δ cells exhibit altered cellular morphology (Murthi et al., 2010) . Because cells harboring the Mtr10-GFP replacement possess normal cellular morphology, this tagged version of Mtr10 is also functional.
We first determined the levels of each of these proteins by Western blotting, comparing the level of the karyopherins to Rna1. Cultures were harvested at four time points (15, 30, 60 , and 120 min) after aa or glucose deprivation. The steady-state levels of Crm1-GFP, Mtr10-GFP, and Kap95-GFP appeared to be relatively constant ( Figure 4A ).
Steady-state subcellular distributions of Msn5 and Los1 are altered upon glucose deprivation
To investigate whether Msn5 and Los1 are regulated in response to glucose availability, we examined their steady-state levels upon glucose deprivation. Comparing normalized protein levels from cells that were glucose deprived to the levels under fed conditions, we find that Msn5-GFP maintained at least 72% of protein levels ( Figure  2 , A, top, lanes 1 and 5-9, and B). Los1-GFP levels were maintained at ≥80% upon glucose deprivation (Figure 2 , A, bottom, lanes 1 and 5-9, and B). In addition, the relative levels of assessable modified peptides for fed and glucose-deprived conditions were unchanged for both purified Msn5 and Los1 (Supplemental Table S1 ). Thus glucose deprivation does not dramatically alter the steady-state levels or posttranslational modifications of Msn5 or Los1.
In contrast to the unaltered nuclear-cytoplasmic distributions of Msn5-GFP and Los1-GFP upon aa deprivation, both proteins are redistributed in the cells upon glucose deprivation. Cells were deprived of glucose for various times (15, 30, 60, or 120 min). The steady-state subcellular distribution of Msn5-GFP changed from primarily nucleoplasmic to cytoplasmic by 15 min of glucose deprivation and remained predominately cytoplasmic throughout the time course ( Figure 2C , compare 1, 4, and 5). Consistent with the visual images, the intensity plot profiles showed that under fed conditions Msn5-GFP (green) was distributed between the two Nup49-mCherry peaks (red), which mark the nuclear boundaries ( Figure 2D ). By 15 min of glucose deprivation, the Msn5-GFP signal redistributed to primarily cytoplasmic ( Figure 2D ), and the cytoplasmic/nuclear ratio increased about threefold compared with fed conditions ( Figure 2G ).
Under fed conditions, Los1-GFP localized to the nuclear periphery and the nucleoplasm. However, when cells were deprived of glucose for as briefly as 15 min, part of the Los1-GFP pool was localized to the cytoplasm, whereas a portion of the pool remained at the nuclear periphery ( Figure 2E , compare 1, 4, and 5). As examined by pixel intensity profile, Los1-GFP levels increased in the cytoplasm and decreased in the nucleoplasm throughout the time course of glucose deprivation ( Figure 2F ). By 15 min of glucose removal, the cytoplasmic/nuclear ratio of Los1 increased about twofold compared with fed conditions ( Figure 2G ). Although part of the Los1-GFP pool remained at the nuclear periphery, we were unable to distinguish by confocal imaging between the outer and inner nuclear periphery. Whereas the subcellular distribution of Los1-GFP was altered by glucose availability, the change was somewhat more subtle than that evidenced for Msn5-GFP. Thus the subcellular distributions of these two endogenously expressed karyopherins between the nucleus and the cytoplasm were altered upon glucose deprivation.
The previously published localization studies of Msn5 and Los1 were performed using fixed cells and, in some cases, high-copy protein expression levels (Quan et al., 2006 (Quan et al., , 2007 Ghavidel et al., 2007; Karkusiewicz et al., 2011; Pierce et al., 2014) ; here we provide confocal live cell imaging of endogenously expressed functional Msn5 and Los1. To compare our results using endogenous Msn5-GFP and Los1-GFP to previous studies, we also performed indirect immunofluorescence (IF) using multicopy functional Myctagged Msn5-Myc and Los1-Myc. The results for Msn5 were very similar by the two methods. However, overexpressed Los1 had a larger nucleoplasmic pool under fed conditions than for endogenous Los1 and a larger cytoplasmic pool upon glucose deprivation (Supplemental Figure S2) . Taken together, the data show that the steady-state distributions of Msn5 and Los1 between the nucleus and cytoplasm are altered upon glucose deprivation but not upon aa deprivation.
Mtr10 mediates nuclear import of mRNA-binding protein Npl3 (Kadowaki et al., 1994; Pemberton et al., 1997; Senger et al., 1998) . In addition, cells bearing a deletion of MTR10 fail to accumulate the RNA subunit of telomerase or tRNA nuclear pools upon aa deprivation, presumably because Mtr10 is required, directly or indirectly, for their import from the cytoplasm to the nucleus (Ferrezuelo et al., 2002; Shaheen and Hopper, 2005; Murthi et al., 2010) . Mtr10 redistributes from the cytoplasm to the nuclear periphery upon DNA replication stress (Tkach et al., 2012) . Examination of Mtr10-GFP subcellular distribution showed that the majority of the endogenous Mtr10-GFP pool was evenly distributed in the cytoplasm of cells that received all nutrients or were deprived of aa for 15 or 60 min ( Figure  4B ). In contrast, in cells deprived of glucose for 15 min, Mtr10-GFP was primarily located at the nuclear rim and in the nucleoplasm with residual cytoplasmic pools ( Figure 4B) ; these distributions were supported by intensity plot profiles ( Figure 4C) .
The well-characterized Kap95 functions in nuclear import of nuclear localization signal (NLS)-containing proteins (Enenkel et al., 1995; Gilchrist and Rexach, 2003) . Consistent with earlier studies, we found endogenous Kap95-GFP to be primarily cytoplasmic with some nuclear rim signal under nutrient-replete conditions. After 15 or 60 min of aa deprivation, Kap95 maintained its steady-state cytoplasmic pools ( Figure 4B ). However, upon 15 min of glucose deprivation, the Kap95-GFP pool was concentrated at the nuclear rim, colocalizing with the nuclear pore protein Nup49 ( Figure 4B ). The cytoplasmic Kap95-GFP pool dramatically decreased upon prolonged glucose deprivation compared with fed and aa deprivation conditions ( Figure 4B ). Intensity plot profiles of confocal imaging supported the visual results ( Figure 4C ). Thus, like Msn5 and Los1, all tested members of importin-β family, both importins and exportins, invert their steady-state subcellular distributions upon glucose deprivation but not upon aa deprivation.
Collapse of the RanGTP gradient affects the steady-state subcellular distributions of importin-β family members
Because we observed that all tested importin-β family members invert their steady-state subcellular distributions upon glucose availability, we investigated the possible mechanisms. Assembly and disassembly of karyopherin-cargo transport complexes are regulated by the small GTPase Ran (Strom and Weis, 2001; Madrid and Weis, 2006; Fried and Kutay, 2003) . Under normal growth conditions, Ran is predominantly nuclear. However, when cells are exposed to starvation, heat, ethanol, or hydrogen peroxide, Ran equilibrates between nucleus and cytoplasm (Stochaj et al., 2000) . In addition, removal of glucose from cells results in a rapid decrease in ATP level and an immediate increase in AMP/ATP ratio (Wilson et al., 1996; Ashe et al., 2000) . Levels of GTP are intrinsically linked to ATP levels because GDP is converted to GTP by nucleoside diphosphate kinase, which uses ATP as the phosphate donor (Parks and Agarwal, 1973; Kikkawa et al., 1990) . Shortage of GTP-bound Ran upon ATP depletion results in inhibition of Ran-dependent nuclear transport (Schwoebel et al., 2002) . Because the subcellular distributions of all tested karyopherins were altered in response to loss of glucose, we tested the possibility that this redistribution is coordinated with alterations of the RanGTP gradient.
Yeast contains two paralogues of the mammalian Ran, encoded by the GSP1 and GSP2 genes. We examined the subcellular distribution of endogenously tagged Gsp2-GFP under fed and nutrient deprivation conditions. As determined by confocal imaging, Gsp2-GFP was predominantly nuclear when cells were in nutrient-replete conditions. In cells deprived of aa for 15 or 60 min, Gsp2-GFP retained its primarily nuclear location ( Figure 5A ). However, upon glucose Crm1 functions in the nuclear export of proteins, RNA, and ribosome subunits (Maurer et al., 2001; Johnson et al., 2002; Verheggen and Bertrand, 2012) . To address whether nutrient deprivation regulates the subcellular distribution of Crm1-GFP, we observed the location of Crm1-GFP in cells deprived of aa or glucose for 0, 15, and 60 min. As determined by confocal imaging, Crm1-GFP was predominantly nuclear under nutrient-replete conditions. When cells were deprived of aa for 15 or 60 min, Crm1 retained its primarily nuclear location ( Figure 4B ). However, upon glucose deprivation for 15 min, part of the Crm1-GFP signal was located in the cytoplasm; after longer periods of glucose deprivation, the Crm1-GFP pool gradually became less nucleoplasmic and more cytoplasmic, although some proteins were retained at the nuclear periphery ( Figure 4B ). Assessment of Crm1-GFP distribution by intensity plot profiles confirmed the visual assessment ( Figure 4C ). Thus, similar to Msn5 and Los1, glucose availability, but not aa availability, affects the steady-state subcellular distribution of Crm1-GFP. GTP-bound form of Ran. The T24N mutation of Gsp1 is defective in GTP binding, and thus it remains predominantly in the GDP-bound form (Kornbluth et al., 1994) . Because expression of Gsp1-G21V and Gsp1-T24N in yeast cells causes dominant lethality , we constructed galactose-inducible Gsp1-G21V or Gsp1-T24N to induce their expression and hence disrupt the RanGTP gradient in a regulated manner. These plasmids encoding deprivation for 15 or 60 min, the steady-state Gsp2-GFP pool was primarily cytoplasmic ( Figure 5A ). Redistribution of Ran likely causes alteration of the nuclear-cytoplasmic RanGTP gradient.
To test whether collapse of the RanGTP gradient per se causes redistribution of karyopherins, we used yeast strains with an inducible Ran locked in the GTP-or GDP-bound state. Gsp1 with G21V mutation would bind to, but not hydrolyze, GTP, thus stabilizing the predominantly cytoplasmic, and part of the signal associated at the nuclear rim before galactose induction. However, after 2-h induction of Ran mutant proteins, the Kap95-GFP pool markedly increased to the nuclear periphery and the cytoplasmic pool decreased in cells with RanGTP-locked mutant, whereas Kap95 was concentrated at the nuclear rim in cells with RanGDP-locked mutant ( Figure 5B ). Thus the distributions of both an exportin and an importin between the nucleus and the cytoplasm were inverted in cells with either RanGTP-or RanGDP-locked mutants. The results show that defects in the RanGTP gradient by introducing either RanGTP-or RanGDPlocked forms affect the subcellular distributions of karyopherins.
In the foregoing experiments, we observed nuclear-cytoplasmic redistribution of the karyopherins after 2 h, but not within 15 min, the time at which cells respond to glucose deprivation. The slowed kinetics is likely due to the facts that by necessity cells contain endogenous wt Ran and that production of the mutant proteins requires galactose induction. To address this issue, we altered RanGAP using the rna1-1 strain, which encodes a temperature-sensitive (ts) RanGAP (Hopper et al., 1990) . Rna1 is necessary for GTP hydrolysis of RanGTP to RanGDP in the cytoplasm (Hopper et al., 1990; Becker et al., 1995; Bischoff et al., 1995; Corbett et al., 1995) . Endogenously expressed GFP-tagged karyopherins, including Msn5, Los1, and Kap95, were generated in the rna1-1 strain by homologous recombination.
In both wt and rna1-1 cells, Msn5 was predominantly nuclear at the permissive temperature (23°C); however, there was a cytoplasmic pool in rna1-1 cells, perhaps due to a defect even at 23°C ( Figure 6A ). After 15 min at nonpermissive temperature (37°C), in wt cells Msn5-GFP remained primarily nuclear, although some cytoplasmic signal could be detected. In stark contrast, after 15 min at 37°C, Msn5-GFP in rna1-1 cells was primarily cytoplasmic ( Figure  6A ). Intensity plot profiles confirmed that there was much less nuclear signal and more cytoplasmic signal in rna1-1 cells at 37°C than for wt cells (Supplemental Figure S4A) .
Los1-GFP in both wt and rna1-1 cells was located at the nuclear periphery at 23°C. After 15 min at 37°C, Los1-GFP in wt cells retained its primarily nuclear periphery distribution, although some cytoplasmic signal was detected ( Figure 6B ). However, in rna1-1 cells, within 15 min at 37°C, Los1-GFP was primarily cytoplasmic, with significantly decreased nuclear rim signal ( Figure 6B ), supported by intensity plot profiles (Supplemental Figure S4B) .
In both wt and rna1-1 strains at 23°C, Kap95-GFP was predominantly cytoplasmic, and part of the signal was associated with the nuclear rim ( Figure 6C ). After shifting wt cells to 37°C for 15 or 60 min, Kap95-GFP remained predominantly cytoplasmic. In contrast, the Kap95-GFP signal remarkably increased at the nuclear periphery and decreased in the cytoplasm in rna1-1 cells after 15 min at 37°C (Figure 6C ), confirmed by intensity plot profiles (Supplemental Figure S4C ).
Previous studies showed that intron-containing tRNAs accumulate when cells possess mutations of the regulation of the Ran pathway (RanGAP-rna1-1 and RanGEF-prp20; Hopper et al., 1978; Kadowaki et al., 1993) , and tRNAs accumulate in the nucleus in rna1-1 cells (Sarkar and Hopper, 1998; Shaheen and Hopper, 2005; Gu et al., 2005; McGuire and Mangroo, 2012) . Our studies provide additional insight into these tRNA export defects, as tRNAs or pretRNAs to be exported and tRNA exportins are primarily in two separate subcellular compartments in rna1-1 cells at the nonpermissive temperature. Consistent with in vivo labeling studies in rna1-1 cells (Hopper et al., 1980) , by using Northern analyses, we show that pretRNAs accumulate in rna1-1 cells after shifting to the nonpermissive temperature for 10 min (Supplemental Figure S5) . The data support Ran mutant proteins were introduced into yeast strains harboring endogenous Msn5-GFP and Kap95-GFP.
As assessed by confocal live-cell imaging, without galactose induction of the RanGTP-or RanGDP-locked mutant proteins, Msn5-GFP was predominantly nuclear, as expected ( Figure 5B ). In contrast, after 2 h of galactose (Gal) induction, Msn5-GFP was primarily cytoplasmic, with inducible Ran locked in either the GTP-or the GDP-bound form ( Figure 5B ). The subcellular distribution of Los1-GFP was also altered after galactose induction of RanGTP-or RanGDP-locked mutants (Supplemental Figure S3) . Assessment of Kap95-GFP subcellular distribution showed that Kap95 was RanGTP or RanGDP levels results in similar consequences. In rna1-1 cells at 37°C, nuclear-cytoplasmic distributions of the karyopherins altered within 15 min, the time at which cells respond to glucose deprivation. Thus collapse of the RanGTP gradient results in similar kinetics as glucose deprivation for redistributed karyopherins, and our data support the notion that redistribution of karyopherins upon glucose deprivation is likely due to collapse of the RanGTP gradient.
DISCUSSION
We provide evidence that tRNA nuclear reexport is subject to complex regulation as cells use distinct mechanisms to respond to aa versus glucose availability. Within 10 min of aa removal, tRNA nuclear accumulation occurs (Whitney et al., 2007) ; however, at this time point the steady-state protein levels, assayable protein modifications, and subcellular distributions of Los1 and Msn5 resemble those in fed conditions. Mechanisms independent of Los1's and/or Msn5's subcellular distribution or activity likely account for how tRNA reexport responds to aa depletion. Because tRNAs can be aminoacylated in the nucleus by the nuclear pool of aminoacyl-tRNA synthetases, uncharged tRNA may accumulate in the nucleus when tRNA charging is defective or when cells are deprived of aa that they are unable to synthesize (Lund and Dahlberg, 1998; Sarkar et al., 1999; Grosshans et al., 2000; Azad et al., 2001; Feng and Hopper, 2002; Whitney et al., 2007; Murthi et al., 2010) . Charging defects in methionyl-tRNA synthetase caused defective nuclear export of cognate tRNA Met ; however, nuclear export of noncognate tRNA Ile and tRNA Tyr was not affected (Sarkar et al., 1999) . Similarly, depletion of yeast THG1 results in uncharged tRNA His (Gu et al., 2005) . thg1Δ cells accumulate tRNA His but not tRNA Tyr in the nucleus (Gu et al., 2005) . Thus nuclear aminoacylation status of tRNA could provide one regulatory mechanism for cognate tRNA nuclear reexport. tRNA His upon aa deprivation accumulate in nuclei of BY4741 cells (Grosshans et al., 2000; Shaheen and Hopper, 2005; Hurto et al., 2007; Whitney et al., 2007; Murthi et al., 2010) . Yeasts are able to produce all 20 aa unless they harbor mutations of particular aa biosynthesis pathways. After aa deprivation, BY4741 cells are able to produce prototropic amino acids, such as Tyr and Ile, and thus tRNA Tyr and tRNA Ile are charged (Whitney et al., 2007) . However, these charged tRNAs accumulate in the nucleus when cells are depleted of all aa. The data suggest that, besides tRNA charging status, a separate aa-sensitive mechanism accounts for nuclear accumulation of these tRNAs.
that pre-tRNA accumulation in the rna1-1 strain is coordinated to redistribution of tRNA exportin in this mutant.
Taken together, the results indicate that collapse of the RanGTP gradient causes marked inverse subcellular distributions of karyopherins between the nucleus and the cytoplasm. Increased cellular Here we report that Ran redistributes to the cytoplasm upon glucose removal. Because RanGEF is in the nucleus and RanGAP is in the cytoplasm (Ohtsubo et al., 1989; Hopper et al., 1990; Corbett et al., 1995) , under fed conditions Ran is primarily in its GTP-bound state in the nucleus ( Figure 7A ), whereas upon glucose deprivation Ran is likely predominantly in its GDP-bound state in the cytoplasm ( Figure 7B ). Moreover, purposeful collapse of the RanGTP gradient via RanGTP-or RanGDP-locked mutants or inactivation of RanGAP by the rna1-1 mutation caused inverted subcellular distributions of karyopherins. Thus redistribution of karyopherins upon glucose deprivation is likely due to collapse of the RanGTP gradient. Whether this disruption is upstream or downstream of other nutrient responsive pathway is unknown. tRNA retrograde traffic is independent of Gcn2 but dependent on the PKA pathway (Whitney et al., 2007; Pierce et al., 2014) . In cells with constitutive PKA activity (tpk1 w1 tpk2Δ tpk3Δ bcy1Δ), tRNAs fail to accumulate in nuclei, and Los1 and Msn5 remain nuclear upon glucose deprivation (Whitney et al., 2007; Pierce et al., 2014) . Owing to the nature of the deletion strains, the Glucose availability regulates the subcellular distributions of Los1 and Msn5 between the nucleus and the cytoplasm. Under fed conditions, Los1 and Msn5 are primarily nuclear, where they are able to interact with tRNAs and then export them to the cytoplasm. After glucose deprivation, Msn5, with kinetics identical to that of tRNA nuclear accumulation, becomes primarily cytoplasmic, where it is unable to access nuclear tRNAs to deliver them to the cytoplasm; for this condition, part of the Los1 pool redistributes to the cytoplasm and part of the Los1 pool remains at the nuclear periphery. After glucose deprivation, partial maintenance of Los1 at the nuclear periphery may be sufficient for exporting the low levels of introncontaining pre-tRNAs that are transcribed under these conditions, and thereby primary tRNA nuclear export is not defective and endprocessed, intron-containing pre-tRNAs do not accumulate. Redistribution of tRNA exportins upon glucose removal provides an explanation for nuclear accumulation of imported cytoplasmic tRNAs. Thus subcellular distributions of tRNA exportins likely regulate tRNA nuclear reexport in response to glucose availability. NY). The strain containing the rna1-1 mutation is derived from BY4741 (Li et al., 2011) . Yeast strains were maintained in synthetic defined media (SC) lacking the appropriate nutritional ingredients for plasmid selection. Genomic GFP-tagged Msn5-GFP, Los1-GFP, or Kap95-GFP ts strains containing the rna1-1 mutation were generated by introducing DNA fragments, which contain homologous sequences with GFP sequences and a HIS3 selection marker (Longtine et al., 1998) , to rna1-1.
Plasmid Nup49-mCherry with a LEU2 selection marker was constructed as described (Lai et al., 2009) . To construct a plasmid harboring Nup49-mCherry with a URA3 selection marker (pIVY48), the SacI/NaeI fragment of plasmid Nup49-mCherry was subcloned into plasmid pRS426. Plasmid with galactose-inducible Gsp1-G21V and Gsp1-T26N were constructed by site-directed mutagenesis as described (Kornbluth et al., 1994) .
Oligonucleotides
The sequences of the oligonucleotides used are provided in the Supplemental Materials and Methods.
Northern analysis
Small RNAs were isolated and separated by electrophoresis and transferred onto a Hybond N+ membrane (Amersham-GE Healthcare, Pittsburgh, PA) as described (Murthi et al., 2010) . tRNAs were detected with a digoxigenin-labeled probe complementary to tRNA Ile as described (Wu et al., 2013) . The relative levels of precursor and mature tRNAs were determined using ImageJ (National Institutes of Health, Bethesda, MD).
In situ hybridization
FISH was performed as previously described (Sarkar and Hopper, 1998) , with the modifications detailed in Stanford et al. (2004) .
Western analysis
GFP fusion protein expression was assessed using chemiluminescence-based Western blot analysis following standard protocols as described (Chu and Hopper, 2013) . The membrane was probed with primary antibodies: 1:1000 dilution anti-GFP (clone CBP-KK1; Roche, Indianapolis, IN) and anti-Rna1 at 1:10,000 dilution (Hopper et al., 1990) . Secondary antibodies were horseradish peroxidaseconjugated anti-mouse and anti-rabbit immunoglobulin G (IgG; GE Healthcare) at 1:3000 dilution. Protein signals were quantified using ImageJ.
Posttranslational modification analysis
Protein purification and mass spectrometry analysis of posttranslational modifications are described in the Supplemental Materials and Methods.
Immunofluorescence
Immunofluorescence was conducted as previously described (Tolerico et al., 1999) . The location of multicopy Msn5-Myc and Los1-Myc was determined by using mouse monoclonal anti-Myc (12CA5; Roche) at 1:100 dilution. Fluorescein isothiocyanate-conjugated goat anti-mouse IgG (Jackson ImmunoResearch Labs, West Grove, PA) was used at 1:400 dilution to locate the primary antibody. Cells were counterstained with 4′,6-diamidino-2-phenylindole (0.1 μg/ml) to locate DNA.
Microfluidics
To study the intracellular dynamics of GFP-tagged proteins in wt and ts strains, a microfluidics system (Cell ASIC; EMD Millipore, kinetics of responses to the PKA pathway have not been explored. There is also a connection between P-body formation and tRNA nuclear-cytoplasmic trafficking, as both have similar kinetics in response to glucose deprivation and both depend on Dhh1 and Pat1 (Hurto and Hopper, 2011; Parker, 2012) ; however, the distributions of Msn5 and Los1 in dhh1Δ pat1Δ cells or cells with overexpressed Dhh1 or Pat1 have not been explored. Thus the roles of PKA and Pbody formation pathways in Msn5 and Los1 subcellular distribution and their connections to the Ran pathway require further study.
Although we were initially motivated to study the regulation of tRNA subcellular dynamics, we extended our analyses to other karyopherins, both importins and exportins. All studied karyopherins show inverted distribution between the nucleus and the cytoplasm upon glucose deprivation but not aa deprivation. Individual karyopherins demonstrated somewhat different patterns in subcellular redistribution upon glucose deprivation. How do cells differentially regulate the subcellular distribution of individual karyopherins upon glucose deprivation? One possible explanation could relate to the distinct binding affinities of individual karyopherins for RanGTP, as the affinities of karyopherins for RanGTP differ significantly (Hahn and Schlenstedt, 2011) . In yeast, binding of Crm1 and Los1 to RanGTP is undetectable in the absence of their cargo in vitro (Hellmuth et al., 1998; Maurer et al., 2001; Hahn and Schlenstedt, 2011) , and thus the RanGTP binding affinity for Msn5 is higher than for Los1 and Crm1. Because Msn5 displays more dramatic redistribution upon glucose removal than Los1 or Crm1 (Figure 7, C and D) , the differential redistribution of karyopherins upon glucose deprivation correlates with their RanGTP binding affinities. Consistently, Kap95 has strong affinity for RanGTP, and its subcellular distribution is dramatically altered upon glucose deprivation (Figure 7, E and F) . In contrast, Mtr10 has weaker affinity for RanGTP, and it exhibits only a subtle redistribution upon glucose removal (Figure 7, E and F) . Therefore divergent binding affinities of karyopherins for RanGTP may provide a mechanism for their individual responses.
Glucose availability appears to regulate global transport of macromolecules between the nucleus and the cytoplasm. Redistribution of karyopherins upon glucose deprivation is likely due to collapse of the RanGTP gradient, and the individual redistribution of karyopherins appears to be correlated with their RanGTP binding affinities (Figure 7) . Consistently, nuclear import of several proteins is defective in rna1-1 cells, in which the RanGTP gradient is affected (Corbett et al., 1995) . Whether the subcellular distributions of karypherins are the major determinants that control nucleocytoplasmic transport for their cargoes remains unclear. Several levels of control could add complexity in regulating subcellular dynamics of individual cargo, including competition between different cargoes for binding to karyopherins (Quan et al., 2006) , posttranslational modifications of proteins that interact with karyopherins (Hopper, 1999) , and balance among the rates of import and export. Therefore, whereas glucose deprivation globally regulates the subcellular distribution of karyopherins and likely a significant portion of nuclearcytoplasmic trafficking of macromolecules, individual members and their cargo may respond differently. In sum, cells are able to sense distinct nutrient status and use separate mechanisms to regulate nucleocytoplasmic transport in response to different stresses.
MATERIALS AND METHODS
Yeast strains and plasmids
Most experiments used yeast strain BY4741 (MATa his3Δ leu2Δ met15Δ ura3Δ) and its derivatives. BY4741 is the parent for the collection of yeast strains that endogenously express GFP-tagged proteins (Huh et al., 2003 ; Invitrogen-Life Technologies, Grand Island, Darmstadt, Germany) was used. The temperature was controlled by a microfluidic control system (Cell ASIC). Changes in the media and incubation times were programmed using ONIX FG software (Cell ASIC) according to the manufacturer's protocol.
Microscopy and imaging
To view live cells by confocal microscopy, cells were placed on a slide containing a thin layer of appropriate medium with 20% gelatin and 0.1 mM n-propylgallate as previously described (Wu et al., 2006) . Alternatively, cells were analyzed using the microfluidics system. Monitoring of live cells was performed using a Nikon microscope (Nikon, Melville, NY) equipped with a spinning disk confocal apparatus (UltraView; PerkinElmer Life and Analytical Science, Waltham, MA) and a cooled charge-coupled device (CCD) camera (ORCA-AG; Hamamatsu, Bridgewater, NJ). Cells were visualized using 488-nm (green) and 568-nm (red) argon ion lasers and a 100×/1.4 numerical aperture objective lens. Maximum intensity projections of images were created using UltraView ERS software, and image analyses of single 0.4-μm optical sections were performed using ImageJ. To measure the subcellular fluorescence intensity in the nucleus and cytoplasm, we used sum intensity projections and drew a square measuring area in ImageJ as described (Wu and Pollard, 2005) . Epifluorescence imaging was accomplished using a Nikon Microscope Eclipse 90i equipped with a CoolSNAP HQ2 CCD camera (Photometrics, Tucson, AZ) and Nis-Elements software (3.1; Nikon). Photoshop (Adobe, San Jose, CA) was used for image assembly.
